Introduction
Biliary atresia is the most common obstructive cholangiopathy of childhood. Although the etiology is largely undefined, patient-and animal-based experiments point to a key role of the innate and adaptive immune responses in the pathogenesis of bile duct injury and obstruction (1) . Studies using an experimental model of rhesus rotavirus-induced (RRV-induced) biliary atresia in newborn BALB/c mice have shown that the mechanisms of bile duct injury begins with the activation of DCs and NK cells, which target the bile duct epithelium (2, 3) . This is followed by a tissue-specific expansion of CD8 + T cells, macrophages, and HMGB1-and prominin-1-expressing cells (4) (5) (6) (7) and the expression of proinflammatory molecules such as IL-8, IFNγ, perforin, granzymes, and others (8) (9) (10) (11) . Interestingly, the incubation of cholangiocytes with IFNγ in a cell culture system does not induce cell injury but, when incubated in the presence of both IFNγ and TNFα, results in the activation of caspases and cholangiocyte apoptosis (12) .
TNFα is a potent proinflammatory cytokine involved in systemic inflammation with a range of biological activities encompassing both beneficial and host-damaging effects linked to tumor cell apoptosis, sepsis, and autoimmune diseases (13) . TNFα is expressed as a 26-kDa precursor transmembrane protein (mTNFα) and a 17-kDa secreted form. While the soluble form mediates pleiotropic effects such as cell proliferation, cytokine synthesis, and expression of adhesion molecules, the expression of activation-induced mTNFα on NK lymphocytes and other cells mediates cytotoxicity by means of cell-cell contact and preferential binding to TNFα receptor types 1 and 2 (TNFR1 and TNFR2) (14) . In addition to acting as a ligand to TNFRs, TNFα elicits outside-to-inside signals (reverse signaling) (15) . In the liver, TNFα/TNFR signaling has been linked to several biological processes, including liver regeneration (16) , regulation of CD8 + T cell cytotoxicity (17) , and mechanisms of fulminant hepatitis (18) and fibrogenesis (19) . Based on our previous report that TNFα Biliary atresia is an obstructive cholangiopathy of infancy that progresses to end-stage cirrhosis. Although the pathogenesis of the disease is not completely understood, previous reports link TNFα to apoptosis of the bile duct epithelium in the presence of IFNγ. Here, we investigate if TNFα signaling regulates pathogenic mechanisms of biliary atresia. First, we quantified the expression of TNFA and its receptors TNFR1 and TNFR2 in human livers and found an increased expression of the receptors at the time of diagnosis. In mechanistic experiments using a neonatal mouse model of rhesus rotavirus-induced (RRV-induced) biliary atresia, the expression of the ligand and both receptors increased 6-to 8-fold in hepatic DCs and NK lymphocytes above controls. The activation of tissue NK cells by RRV-primed DCs was independent of TNFα-TNFR signaling. Once activated, the expression of TNFα by NK cells induced lysis of 55% ± 2% of bile duct epithelial cells, which was completely prevented by blocking TNFα or TNFR2, but not TNFR1. More notably, antibodymediated or genetic disruption of TNFα-TNFR2 signaling in vivo decreased apoptosis and epithelial injury; suppressed the infiltration of livers by T cells, DCs, and NK cells; prevented extrahepatic bile duct obstruction; and promoted long-term survival. These findings point to a key role for the TNFα/ TNFR2 axis on pathogenesis of experimental biliary atresia and identify new therapeutic targets to suppress the disease phenotype. , and TNFR2 from microarray analysis of livers from infants with biliary atresia (n = 64) and intrahepatic cholestasis (n = 14) at diagnosis normalized to age-matched normal controls. (B) Scatter plots of serum TNFα levels in infants with biliary atresia at diagnosis (n = 11) and healthy infants (n = 6). (C) Representative immunohistochemical panels identify TNFR1 + signals (arrowheads) in livers from normal and disease controls (α-1 antitrypsin deficient, A1AT)
promotes cholangiocyte apoptosis in the presence of IFNγ (12), we directly explored whether TNFα plays a regulatory role in the pathogenesis of bile duct injury in biliary atresia. In livers of infants with the disease, we found increased expression of TNFR1 and TNFR2 mRNA at the time of diagnosis. In mechanistic experiments using the rotavirus-mouse model of biliary atresia, we found a differential expression of TNFα and TNFR2 in hepatic DCs, NK cells, and cholangiocytes. In mice, the disruption of any element of the TNFα-TNFR signaling suppressed the biliary atresia phenotype, with a greater role for TNFR2 in the cytokine response, cholangiocyte survival/death, and anatomical disruption of bile flow.
Results
Expression of TNFα and its receptors in experimental and human biliary atresia. Based on the previous report that TNFα induces apoptosis in cholangiocytes in the presence of IFNγ in vitro and in mice with experimental biliary atresia (12), we first quantified the mRNA expression of TNFR1 and TNFR2 in livers of infants at the time of diagnosis; for TNFα, the expression was determined in the liver (mRNA) and serum (protein). The hepatic expression of TNFR1 and TNFR2 increased above controls, while the expression for TNFα did not change in the liver or serum (TNFα, serum; Figure 1 , A and B). By immunostaining, TNFR2 expression was prominent in intrahepatic bile ducts of patients with biliary atresia, while TNFR1 signals were primarily localized to cholangiocytes in livers from normal and disease controls ( Figure 1C ). To directly explore whether TNFα-TNFR signaling is involved in pathogenic mechanisms of the disease, we next quantified mRNA for Tnfa, Tnfr1 and Tnfr2 genes in early phase of injury of extrahepatic bile ducts (3 days after RRV), lumen obstruction (7 days), and atresia (14 days) of neonatal BALB/c mice injected i.p. with 1.5 × 10 6 fluorescent forming units (ffu) of RRV; normal saline injection served as controls (9) . Their expression increased in extrahepatic bile ducts at all time points, with greater levels for Tnfa and Tnfr2 ( Figure 1D ).
To better define the expression at the cellular level, we focused on NK cells and DCs based on their roles in regulating the onset of epithelial injury in experimental models (2) . Flow cytometric analysis showed that the number of hepatic NK (CD3 -CD49b + ) cells expressing intracellular TNFα increased from undetectable in control mice to low level of detection at 3 days after RRV (P < 0.05) and to 6.3-fold at 7 days (P < 0.0001; Figure 2A) ; similar patterns and fold changes were found in DCs (CD11c + ) ( Figure 2B ). Interestingly, the levels of TNFR1 did not change in NK cells and increased only at 7 days in DCs, but TNFR2 increased in both NK cells and DCs at 3 and 7 days after RRV ( Figure 2C ). The combined increase in the expression of TNFα and its receptors pointed to a potential role in the regulation of mechanisms of bile duct epithelial injury, with the potential for a preferential use of TNFR2 by NK cells and DCs based on their differential pattern of cellular expression.
TNFα-TNFR signals and activation of NK cells by DCs. To directly determine whether TNFα and its receptors regulate the ability of DCs to activate NK cells in response to RRV, we performed coculture activation assays using DCs from livers 3 days after infection with RRV and NK cells from RRV-naive mice matched by age in the presence of antibodies to block TNFα, TNFR1, or TNFR2; isotype antibodies were used as controls. Using flow cytometry to quantify the expression of Nkg2d and CD69 as markers of NK cell activation, we found that the individual or combined blocking of TNFR1 and/or TNFR2 on NK cells or of TNFα on DCs did not interfere with the activation of NK cells, as evidenced by the increase in the expression of Nkg2d or CD69 relative to isotype IgG controls ( Figure 3 , A and B). To more thoroughly examine the degree of activation, we quantified the expression of cytokines and chemokines in culture supernatants and found that blocking TNFα, TNFR1, and/or R2 suppressed but did not abolish the levels of TNFα, IL6, IL17a, CXCL9, CXCL10, CXCL1, and CCL5 ( Figure 3 , C and D). These findings suggested that the biological impacts of blocking TNFα-TNFR signals are limited to a modest suppression of cytokine/chemokine response, without substantially impairing the ability of DCs to activate NK cells in response to RRV infection. This lack of requirement for TNFα-TNFR signaling in the activation of NK cells by DCs raised the possibility that TNFα-TNFR may be important for the subsequent recognition and lysis of cholangiocytes by NK cells (a later phase of pathogenesis of biliary injury in experimental atresia).
relative to the less intense signals for TNFR2 (arrows). In contrast, TNFR2 stains strongly in patients with biliary atresia. PV, portal vein. (D) mRNA expression levels of Tnfa, Tnfr1, and Tnfr2 in extrahepatic bile ducts from mice at 3, 7, and 14 days after injection of saline or RRV by real-time PCR. Expression was normalized against Hprt. n = 4-5 mice/group/time point. Values expressed as mean ± SD. *P < 0.05,**P < 0.01, ***P < 0.001, 2-tailed parametric unpaired t test with Welch's correction.
Requirement of TNFα-TNFR signaling for cholangiocyte lysis.
Using flow cytometry, we quantified the expression of TNFα, TNFR1, and TNFR2 in a murine cholangiocyte cell line (mCL) with and without exposure to RRV. At baseline, TNFα was expressed in 21% ± 4% of mCL and increased to 36% ± 4% (P < 0.003) at 24 hours of incubation with RRV at a multiplicity of infection of 100 ( Figure 4A ). In the same experimental approach, the surface expression of TNFR2 also increased from a baseline of 42% ± 1% to 60% ± 4% of cells (P < 0.003), while TNFR1 expression tended to decrease to 14% ± 1% from an initial detection of 21% ± 8% (P = 0.26). To examine whether this expression pattern is important for NK cell-induced lysis of cholangiocytes, we cultured hepatic NK cells from RRV-infected mice with mCL. As reported previously, RRV-primed but not -naive NK cells induced significant cholangiocyte lysis at 5 and 24 hours of culture ( Figure 4B ). In this assay, analysis of the supernatant revealed increased concentration of TNFα in wells containing RRV-primed NK cells at both time points ( Figure 4C ).
To determine if cholangiocyte lysis was influenced by the expression of TNFα, we incubated naive and RRV-infected NK cells with anti-TN-Fα antibodies prior to coculture with cholangiocytes. After 5 hours, lysis of + DCs from saline or RRV-challenged mice expressing TNFα, with an increased expression of intracellular TNFα at the onset of epithelial injury (day 3) and duct obstruction (day 7). Graphs on right show the percent populations and mean fluorescence intensities (MFI) of TNFα on NK and DCs. (C) Total number of DCs and NK cells expressing TNFR1 or -R2 at 3 and 7 days after saline or RRV infection. n = 4-5 specimens/group/time point with pools of 2-3 livers/specimen. Values expressed as mean ± SD. *P < 0.03, **P < 0.01, ***P < 0.001, 2-tailed parametric unpaired t test with Welch's correction. cholangiocytes was efficiently blocked by the antibodies at all target to effector cell ratios ( Figure 5A ). To precisely determine the contribution of the TNFα-TNFR axis, we modified the lysis assay to preincubate NK cells or cholangiocytes with antibodies to TNFR1 or TNFR2. The effect of blocking of TNFR1 on NK cells induced a statistically significant but modest decrease in cholangiocyte lysis, an effect that largely disappeared with increasing target to effector cell ratios. In contrast, blocking of both receptors completely suppressed cholangiocyte lysis, regardless of the cell ratio ( Figure 5B) . A greater impact for TNFR2 alone and the similar impact for blocking both TNFR1 and TNFR2 were shown when the antibodies were applied to cholangiocytes prior to coculture with RRV-primed NK cells ( Figure 5C ). Of note, inhibition of mCL lysis occurred despite the activation of NK cells, as evidenced by the high expression levels of Nkg2d or CD69 on NK cells at the conclusion of the coculture experiments (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.88747DS1). These data suggested that the expression of TNFα and its receptors regulate NK cell-mediated lysis of cholangiocytes in vitro, with greater contribution by TNFR2. They also raised the possibility that similar interactions may be important in vivo in the regulation of the tissue injury and clinical phenotype of experimental atresia.
Blocking of TNFα/TNFR prevents experimental biliary atresia. To directly investigate the in vivo biological relevance of TNFα and TNFRs, we first examined whether interfering with TNFα function reduced the incidence of mucosal injury and biliary inflammation. Newborn mice were injected either with 0.9% saline or RRV within 24 hours of birth, and 1 day later were subjected to daily i.p. injections of 80 μg of rat anti-mouse TNFα antibodies (MP6-XT22) for 10 days; control mice received an equivalent amount of isotype rat IgG1 antibodies. Antibody injections were well tolerated, as evidenced by normal growth in saline-injected mice (receiving IgG isotype) beyond 2 weeks of age with normal liver and bile duct histology. RRV-infected control mice (which received isotype antibodies) developed persistent jaundice and showed 100% mortality by 18 days of life. In contrast, anti-TNFα antibodies prevented growth failure, recovered from jaundice, and improved long-term survival in more than 80% of mice ( Figure 6A ). Comprehensive histological analysis of livers showed improved liver histology ( Figure 6B and Supplemental Figure 2 ), and extrahepatic bile ducts revealed an intact epithelium, minimal to no inflammation, and no lumen obstruction ( Figure 6C ), allowing mice to maintain bile flow (Table 1) . Blocking TNFα significantly reduced the frequency of cells stained for activated caspase 3 in extrahepatic bile ducts ( Figure  6D ), the abundance of intrahepatic bile duct profiles ( Figure 6E ), and the tissue infiltration by effector CD4 + /CD8 + T cells, DCs, and NK cells (Supplemental Figure 4A ). To investigate the relative contribution of TNFR1 and TNFR2 to TNFα-dependent signaling, we applied the same experimental approach to groups of mice that received 10 μg/mouse of blocking antibodies against TNFR1 (anti-CD120a) or TNFR2 (anti-CD120b). The improvement of cholestasis was more readily observed in RRV-infected mice receiving anti-TNFR2 antibodies ( Figure 7A ). More notably, the administration of anti-TNFR2 antibodies improved weight gain, prevented obstruction of extrahepatic bile ducts, and promoted Percentage of mice with lumen obstruction of extrahepatic bile ducts at or beyond 14 days after injection of RRV or saline (controls) in the first day of life. Obstruction was determined by microscopic examination of longitudinal sections of ducts in their entirety.
long-term survival following RRV infection in a similar fashion ( Figure 7A and Table 1 ). Examination of the livers and extrahepatic bile ducts (EHBDs) from mice surviving at day 31 showed normal parenchyma and portal tracts, and the extrahepatic bile duct had intact epithelium and a patent lumen ( Figure 7B ). Similar to findings seen following TNFα block in mice, treatment with anti-TNFR2 antibodies prevented activated caspase 3 staining (Figure 7C ), the expansion of intrahepatic cholangiocyte profiles ( Figure 7D ), and decreased liver infiltration by T cells, DCs, and NK cells (Supplemental Figure 4B) . To assess the effect of antibody blocking on downstream signals, we quantified the mRNA expression of Ask1 (for TNFR1) and Bmx (for TNFR2) and found both to be suppressed following the administration of respective antibodies (Supplemental Figure 5 ). Based on a previous report that the constitutional loss of TNFR1 in mice does not improve the experimental biliary atresia phenotype, we subjected Tnfr1 KO and Tnfr2 KO (Tnfr1 -/-, Tnfr2 -/-) mice to postnatal RRV infection and determined the clinical and tissue phenotypes in the first 3 weeks of life. Consistent with the previous report, Tnfr1 -/-mice had poor growth, persistent jaundice, and poor long-term survival ( Figure 8A ), with obstruction of extrahepatic bile ducts that was indistinguishable from WT mice infected with RRV, while duct patency was preserved in saline-injected controls ( Figure 8B ). In contrast, analyses of Tnfr2 -/-mice showed better growth, resolution of jaundice, and 50% survival, with mild cholangitis and patent extrahepatic bile ducts 14 days after RRV ( Figure 8B ). In the liver, portal inflammation was noticeably decreased in Tnfr2 -/-mice, with preserved normal histology in saline-injected Tnfr1 -/-and Tnfr2 -/-mice (Supplemental Figure 3) . Tnfr2 -/-mice, but not Tnfr1 -/-, prevented the accumulation of caspase 3-stained cells in bile ducts (Figure 8C ), decreased bile duct profiles in portal tracts ( Figure 8D ), and reduced . n = 6 wells/condition with NK and DCs from pools of 3-4 livers. Values expressed as mean ± SD. *P < 0.05, ***P < 0.001, 2-tailed unpaired t test.
effector CD4
+ /CD8 + T cells, DCs, and NK cells (Supplemental Figure 4C ). Altogether, these data showed that the constitutive loss of individual receptors enable KO mice to use TNFα-independent pathways to trigger tissue injury (albeit less efficiently in Tnfr2 -/-mice), while the antibody blocking of TNFα or of its receptors in WT BALB/c mice more effectively block the development of key pathological features of experimental biliary atresia.
To identify potential molecules used by TNFR2 to regulate the tissue injury and obstructive phenotype, we utilized the analytical algorithm of the ToppGene Suite to select TNFR2 neighboring genes in a protein-protein interaction network. The network identified 29 proteins (Supplemental Figure 5A) , of which 15 were encoded by genes with increased mRNA expression in extrahepatic bile duct using data from microarray-based genome-wide analysis at 3, 7, and 14 days after RRV infection (P < 0.05; Supplemental Figure 5B ) (8) . Among these genes, Stat1 and Irf1 had the highest fold changes in experimental mice above age-matched controls (Supplemental Figure 6) (20, 21) . These data suggest a potential link between TNFR2 and Stat1/Irf1 circuits in controlling epithelial injury and duct obstruction.
Discussion
We found that integrity of the TNFα/TNFR2 circuit is necessary for the full phenotypic expression of experimental biliary atresia. Specifically, the disruption of individual elements of this circuit decreased the epithelial injury of extrahepatic bile ducts and largely prevented their obstruction, improved signs of cholestasis, and fostered long-term survival. Among the 3 molecules, antibody blocking of TNFα and TNFR2 had the greatest suppression of liver infiltration by T cells, DC, and NK cells; attenuated the lysis of cholangiocytes; and resulted in less tissue injury and better clinical improvement than the milder phenotype produced by blockade of TNFR1. Combining these findings with the increased expression of TNFR1 and TNFR2 in livers from infants at the time of diagnosis of biliary atresia strongly suggests that TNFα-mediated signaling plays key roles in pathogenesis of the disease.
The temporal requirement for the TNFα/TNFR2 signaling as a mechanism of epithelial injury in experimental biliary atresia occurs after NK cell activation. We reported previously that the activation of DCs is one of the initiating events triggered by RRV infection that activate NK cells to injure cholangiocytes (2). Consistent with this activation, we found an immediate increase in the expression of TNFα and both receptors in DCs within 3 days following RRV infection. However, blocking of TNFα and/or TNFR1/2 produced only a mild suppression of cytokine release, without interfering with the expression of activation markers by NK cells, suggesting that TNFα helps but is not required by DCs, which circumvent defective TNFα signals and are ultimately able to activate NK cells.
Following the activation of NK cells, TNFα signaling becomes more relevant in the injury of the duct epithelium. This is supported by the increased expression of TNFR2 in cholangiocytes and by the decrease in cholangiocyte apoptosis and lysis that results from blocking TNFα or TNFR2. In the liver, TNFα has been reported to promote tissue injury by the activation of proinflammatory circuits in several experimental models, including ischemia-reperfusion injury (22) and allograft rejection (23). The finding that it also triggers cell proliferation during liver regeneration points to different biological end-points depending on the type of injury or the preferential activation of individual receptors (24) . Here, we showed that blocking TNFα/ TNFR2 signals decrease the expansion of bile duct profiles in the liver, a hallmark feature of cholestatic injury. In NK cell-cholangiocyte lysis assays, cell death is more pronounced in the presence of TNFR2. One potential mechanism of cholangiocyte death is apoptosis, perhaps in synergy with IFNγ based on our previous studies showing that TNFα and IFNγ work together to promote cholangiocyte apoptosis in vitro (12) . In agreement, blocking TNFR1 signals failed to reduce the epithelial injury seen in WT mice, which was significantly reduced by blocking of TNFα or TNFR2, promoting better long-term survival (above 80%). However, blocking of TNFR1 remains relevant to the full expression of the obstructive phenotype, as demonstrated by an improvement in long-term survival in about half of the mice well into adulthood. Collectively, these data suggest that effector mechanisms of experimental biliary atresia require an intact TNFα-TNFR2 signaling and identify the ligand and individual receptors (preferentially TNFR2) as potential molecular targets to decrease cell injury.
A previous report investigating the role of TNF-TNFR signaling in experimental atresia showed that mice genetically deficient in the receptor TNFR1 or treated with a TNFR1-Fc fusion protein Etanercept failed to lessen the severity of the disease (25) . We found a similar lack of improvement in the obstructive phenotype in Tnfr1 -/-mice; however, the findings may be explained by the different experimental approaches to inactivate TNF-TNFR1 signaling, with a notable difference in the delayed times of antibody administration used in the previous published study. In the current study, the early administration of anti-TNFR1 antibody improved symptoms and outcome in WT mice. Although we cannot discard the possibility that all or some of the beneficial effects of anti-TNFR1 antibody may result from nonspecific blocking of TNFR2, we favor a scenario in which the constitutive loss of TNFR1 enables the organism to use alternate molecular circuits to circumvent the inborn defect. In support of this scenario, the genetic loss of TNFR2 modestly improved the obstructive phenotype when compared with the more robust suppression of tissue injury and clinical outcome produced by anti-TNFR2 blocking antibodies.
The challenge in understanding the role of the immune system in pathogenesis of biliary atresia in humans is underscored by the lack of differences in the expression of TNFα, both in the serum and in the liver of children with biliary atresia. It is possible that its expression may have occurred at earlier phases of tissue injury, or that healthy infants may spontaneously have elevated levels of TNFα early in postnatal life as supported by the previous report of an increase in the first 40 days of life (26) . In this context, our findings of increased expression of TNFR1 and TNFR2 mRNA in the livers, as well as increased immune-localization of TNFR2 to intrahepatic cholangiocytes at the time of diagnosis, point to a potential activation of this pathway at the tissue level, perhaps focusing the consequences of TNFα to the hepatobiliary system. A previous study reported that patients with lower bilirubin and AST levels requiring early transplantation after hepatoportoenterostomy correlated with TNFα levels, with an increase longitudinally from the time of diagnosis to 6 months after surgery (median value increase from 8-2,370 pg/ml) (27) . Although these reports are interesting, we recognize the limited nature of these correlative studies and propose that a greater understanding of the strength of this association requires future studies that quantify the dynamic changes of TNFα or of its receptors over time and during different stages of the disease in affected children. In summary, we found experimental evidence that TNFα and its receptor TNFR2 play a regulatory role in epithelial injury and bile duct obstruction in biliary atresia. Although the expression of the ligand and receptors is detected as early as the activation of DCs, the TNFα-TNFR2 signaling is more relevant to NK cell-mediated injury of the bile duct epithelium and amplification of the inflammatory response that ultimately obstructs the duct lumen and blocks bile flow. The combination of these experimental data with the increased expression of the TNFR1/2 in livers of affected children identify the ligand or individual receptors as potential therapeutic targets to suppress progression of liver disease. Whether these therapies apply to all or to a subgroup of patients requires a prospective assessment of the expression of the ligand (and/or its receptors) after corrective hepatoportoenterostomy, during progression of liver disease, and in the context of a clinical trial.
Methods
Supplemental Methods are available online with this article.
Mouse model of biliary atresia and blocking studies. BALB/c mice were purchased from Charles River Laboratories and maintained in pathogen-free vivarium rooms equipped with a 12-hour dark-light cycle. Mice carrying the genetic inactivation of the Tnfr1 and Tnfr2 receptors on a C57BL/6 background were obtained from The Jackson Laboratory (stock numbers 003242 [Tnfr1] and 002620 [Tnfr2]) and sequentially backcrossed to BALB/c mice for >8 generations. Biliary atresia was induced in newborn BALB/c mice by i.p. inoculation of 1.5 × 10 6 ffu of RRV in the first 24 hours (9), with equivalent amount of 0.9% NaCl (saline) as control. For TNFα blocking studies, 80 μg of rat anti-mouse TNFα antibodies (clone MP6-XT2, Leinco Technologies Inc.) were injected daily after saline challenge or RRV challenge; control mice received equivalent rat IgG1 isotype antibodies. For TNFα receptor blocking, neonatal mice were challenged with RRV or saline solution followed by daily intraperitoneal injections of 10μg of either hamster anti-mouse CD120a (TNFR1) or CD120b (TNFR2) until day 7 of life; RRV and saline groups received an equivalent amount of Armenian hamster IgG antibodies. All groups of experimental mice were phenotyped daily as described previously (9) . Mice were sacrificed at 3, 7, 14, or 31 days after saline or RRV injections with or without antibody treatment, and the gross appearance of individual organs was recorded. Livers were excised, and extrahepatic bile ducts and gallbladders were microdissected en bloc; the tissues were used either for mononuclear cell isolations or formalin fixation, or they frozen in liquid nitrogen per experimental design.
Gene and protein expression in human and murine tissues. The liver gene expression for TNFA, TNFR1, and TNFR2 was extracted from genome-wide microarray experiments reported previously (8) . In brief, RNA was isolated from liver biopsies at the time of diagnosis of biliary atresia or age-matched subjects with intrahepatic cholestasis (to serve as disease controls) and used to quantify mRNA expression with the GeneChip Human Gene 1.0 ST from Affymetrix; data are deposited in Gene Expression Omnibus (GEO) GSE46995 (8) . For mice, the gene expression in extrahepatic bile ducts was quantified at different times points after RRV inoculation using specific primers and cycling conditions described in Supplemental Table 1 , with normalization to endogenous Hprt as described previously (9) . Cells undergoing apoptosis in extrahepatic bile ducts were detected by subjecting paraffin-embedded sections to sodium citrate antigen exposure, blocked with donkey serum and incubation with goat anti-cytokeratin 19 (clone M-17, Santa Cruz Biotechnology Inc.) and rabbit anti-activated caspase 3 (clone 9661, Cell Signaling Technology) antibodies. Specific signals were identified by fluorescent-conjugated Dylight-488/594 secondary antibodies. For protein quantification, the concentration of TNFα was measured using Luminex assays (Millipore) of serum specimens from 11 children with biliary atresia at the time of diagnosis (<4 months of age) and from 6 age-matched normal infants. To detect specific signals by immunostaining, formalin-fixed, paraffin-embedded sections of human wedge liver biopsies were subjected to citrate-based antigen retrieval, blocked with normal goat serum (Jackson ImmunoResearch) and incubated with anti-TNFR1 or TNFR2 antibodies followed by color development using DAB peroxidase substrate kit (Vector Laboratories). Antibodies and reagents. Neutralizing rat anti-mouse TNFα (clone MP6-XT22) and isotype rat IgG1 antibodies were obtained from BioLegend, while isotype Armenian hamster IgG antibodies were from BioXCell. Neutralizing anti-TNFR antibodies, hamster anti-mouse CD120a (TNFR1, clone 55R-170) and CD120b (TNFR2, clone TR75-54) were obtained from eBioscience. The following fluorescent antibodies were used to identify surface and intracellular signals by flow cytometry: PE-conjugated anti-TNFα (MP6- -/-and Tnfr2 -/-mice. Arrowheads, increased cholangiocyte profiles; arrows, normal ducts. Asterisk denotes duct lumen. n = 4-6 mice/treatment group/day. Magnification of 400×; scale bar: 50 μm.
